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Introduction {#sec1}
============

Spatiotemporal control of protein synthesis and protein degradation at the synapse is required for learning and memory, including long-term potentiation (LTP) and long-term depression (LTD) ([@bib1], [@bib13], [@bib21], [@bib24], [@bib25]). Dysregulated protein homeostasis as a key pathogenic mechanism is implicated in several neurodevelopmental disorders, including Angelman syndrome ([@bib17], [@bib26], [@bib29]), autism spectrum disorders ([@bib48], [@bib49], [@bib53]), and fragile X syndrome ([@bib18], [@bib19], [@bib44]). Thus, it is crucial that neurons tightly regulate protein turnover at synapses via both the synthesis and degradation of proteins.

Neurons regulate protein content via the ubiquitin-proteasome system (UPS), which drives protein degradation by recognition of ubiquitin modifications and degradation by the 26S proteasome. The attachment of ubiquitin onto a substrate is accomplished by the activity of three classes of enzymes, with E3 ubiquitin ligases being the final enzyme to catalyze the addition of ubiquitin onto a substrate. E3 enzymes have a high specificity for which proteins they will ubiquitinate ([@bib9], [@bib20]). These enzymes are critical to normal CNS function, and neurological-disease-causing mutations have been found in 13% of known E3 ubiquitin ligase genes ([@bib15]).

The anaphase-promoting complex, an E3 ubiquitin ligase, and its Cdh1 (also known as Fzr1) regulatory subunit (Cdh1-APC) have been identified to regulate axonal growth ([@bib27]) and forms of learning and memory ([@bib22], [@bib40], [@bib41]). Because this E3 ligase complex has classically been studied in the context of cell-cycle progression ([@bib47]), more recent work on Cdh1-APC in differentiated postmitotic neurons has suggested a new role of Cdh1-APC in neurodevelopment ([@bib46]). Although the molecular mechanisms underlying regulation of LTP by Cdh1-APC are unclear ([@bib40], [@bib41]), the interaction of Cdh1 with the fragile X mental retardation protein (FMRP) was shown to be necessary for mGluR-LTD ([@bib22]). These studies suggest a potential role of Cdh1 to regulate protein synthesis necessary for synaptic plasticity underlying learning and memory. However, a possible role of Cdh1 in protein synthesis in any cell type has not been directly shown. Here we test the hypothesis that Cdh1-APC activity modulates protein synthesis and interacts with translational machinery in addition to its classical role in protein degradation.

In this study, we find that Cdh1-APC can regulate basal protein synthesis, likely through an interaction with translational regulatory proteins. Through an unbiased mass spectrometry screen, it was unexpectedly revealed that Cdh1-APC associates with stress granule proteins including RNA-binding proteins, translational factors, and ribosomal subunits. As stress granules are known to stall translation, the association between Cdh1-APC and stress granules suggests a convergent mechanism by which Cdh1-APC can increase protein synthesis by antagonism of stress granules. Thus, we propose a model in which Cdh1-APC targets key stress granule proteins and inhibits the formation of stress granules, and perhaps other types of RNA granules, leading to increases in protein synthesis. The roles of E3 ubiquitin ligases in protein synthesis and stress granule formation have previously been unclear, and here we show that Cdh1-APC converges on both of these biological processes.

Results {#sec2}
=======

Cdh1-APC Modulates Basal Protein Synthesis {#sec2.1}
------------------------------------------

Cdh1-APC has been observed to interact with and ubiquitinate FMRP ([@bib22]), an RNA-binding protein known to repress the translation of mRNAs critical for synaptic structure and function ([@bib7]). Ubiquitination of FMRP has been proposed as a molecular switch to reverse the repression of protein synthesis by FMRP ([@bib38]), and thus, regulation of an FMRP by Cdh1-APC suggests a potential link between Cdh1-APC and protein synthesis. In addition, a previous study demonstrated that genetic reduction of Cdh1 leads to reduced expression of mGluR-LTD ([@bib22]). Because mGluR-LTD requires new protein synthesis ([@bib25]), it is possible that Cdh1-mediated alterations of LTD are due to changes in protein synthesis. Based on these findings, we hypothesized that Cdh1-APC activity regulates protein synthesis in neurons and sought to identify potential molecular mechanisms involved.

To measure steady-state protein synthesis, puromycylation was utilized wherein cells are treated with puromycin and then lysed and immunoblotted for puromycin. Puromycin has structural similarity to aminoacylated tRNA and causes formation of puromycylated nascent peptide chains ([@bib8]). Cdh1-APC activity was pharmacologically inhibited in day *in vitro* (DIV) 14--16 mouse cortical neurons cells with Apcin (2μM) for 16--18 h ([@bib43]) ([Figure 1](#fig1){ref-type="fig"}A). Apcin-treated neurons demonstrated a reduced signal of puromycin as compared with controls, suggesting that inhibition of Cdh1-APC indeed leads to a decrease in protein synthesis ([Figures 1](#fig1){ref-type="fig"}B and [S4](#mmc1){ref-type="supplementary-material"}). This result supports the hypothesis that Cdh1-APC has a function as positive regulator of protein synthesis. In another approach, Cdh1 was genetically knocked down in cortical neurons using a lentivirus expressing shRNA against Cdh1 ([Figure S1](#mmc1){ref-type="supplementary-material"}A); neurons then underwent puromycylation at DIV 14--16 ([Figure 1](#fig1){ref-type="fig"}C). Similar to pharmacologic inhibition of Cdh1-APC, knockdown of *Cdh1* (*Fzr1*) led to a significant reduction in protein synthesis ([Figures 1](#fig1){ref-type="fig"}D and [S4](#mmc1){ref-type="supplementary-material"}). The observation of decreased protein synthesis in postmitotic cortical neurons suggests that the inhibitory effects of Cdh1-APC on protein synthesis are independent of its role in mitotic cells. Apcin has been shown to act more selectively on APC with its other regulatory subunit, Cdc20 (Cdc20-APC), compared with Cdh1-APC ([@bib43]). To utilize another form of pharmacologic inhibition against Cdh1-APC, neurons were treated with proTAME, which is more selective for Cdh1-APC than Cdc20-APC ([@bib43]) ([Figure S1](#mmc1){ref-type="supplementary-material"}B). Puromycylation following proTAME treatment demonstrated a trend toward a decrease in protein synthesis ([Figures S1](#mmc1){ref-type="supplementary-material"}C and [S4](#mmc1){ref-type="supplementary-material"}), which suggests that changes in protein synthesis following Apcin treatment may be partially due to Cdc20-APC-mediated mechanisms in addition to Cdh1-APC. However, the significant reduction in protein synthesis following Cdh1 knockdown supports the hypothesis that Cdh1-APC regulates protein synthesis. The role of Cdh1-APC in regulation of protein synthesis has not been investigated previously in any cell type, and this finding demonstrating that Cdh1-APC can regulate protein synthesis sheds light on a potential function of the Cdh1-APC complex in postmitotic neurons.Figure 1Cdh1-APC Regulates Protein Synthesis in Primary Cortical Neurons and Interacts with Translational Machinery(A) DIV 14 cortical neurons were treated with Apcin (2μM) for 16--18 h and underwent puromycylation (10μg/mL) for 75 min.(B) Quantification of puromycin normalized to GAPDH for (A); n = 4.(C) DIV 7 cortical neurons were transduced with lentivirus expressing shRNA against either Cdh1 or against a control sequence. At DIV 14, neurons underwent puromycylation (10μg/mL) for 75 min.(D) Quantification of puromycin normalized to GAPDH for (C); n = 4.(E) N2A cells were transfected with FLAG-Cdh1. Lysate was incubated with immunomagnetic beads coupled to FLAG antibody either in the absence or presence of antigenic 3x FLAG peptide. Chemiluminescent Western blotting demonstrates an enrichment of FLAG-Cdh1.(F) DAVID biological processes GO-term analysis following mass spectrometry. Size of the nodes indicates number of proteins in the Cdh1 interactome within a specific biological process category. The color of the border of each of the nodes represents the p value as generated by the DAVID analysis.(G) Stress granule proteins were confirmed to interact with Cdh1 in N2A cells by Western blot analysis following the immunoprecipitation of FLAG-Cdh1; n = 3.(H) The interactions of stress granule proteins with endogenous Cdh1 in mouse embryonic brain tissue were confirmed by immunoprecipitation and immunoblotting; n = 2.Data are represented as mean ± SEM. Significance calculated by Student\'s t test (B, D). See also [Tables S1](#mmc2){ref-type="supplementary-material"} and [S2](#mmc3){ref-type="supplementary-material"} and [Figure S1](#mmc1){ref-type="supplementary-material"}.

The Cdh1-APC Interactome Is Enriched with Regulators of Protein Synthesis {#sec2.2}
-------------------------------------------------------------------------

Following observations of a role of Cdh1-APC in protein synthesis, we sought to identify factors involved in a mechanism by which Cdh1-APC may regulate protein synthesis. As FMRP has already been identified as an interactor and substrate of Cdh1-APC E3 ligase activity ([@bib22]), we investigated whether Cdh1-APC interacts with other RNA binding proteins known to regulate translation. To take an unbiased approach in identifying other Cdh1-interactors, Neuro2A (N2A) cells were transfected with FLAG-Cdh1 and lysates underwent FLAG-immunoaffinity chromatography with FLAG-peptide elution ([Figure 1](#fig1){ref-type="fig"}E) ([@bib6], [@bib16]). A portion of the lysate was co-incubated with FLAG peptide to outcompete FLAG-Cdh1 and allow for identification of nonspecific binding proteins to bead-antibody complexes. Following confirmation of sufficient protein pulldown with silver staining ([Figure S1](#mmc1){ref-type="supplementary-material"}D), the immunoprecipitate was analyzed by mass spectrometry. The Cdh1 interactome included 185 unique proteins ([Table S1](#mmc2){ref-type="supplementary-material"}). Not surprisingly, the interactome included known components of the Cdh1-APC complex, such as APC1, APC2, APC7, CDC16, CDC23, and CDC27. Enrichment of APC subunits validated the specificity of the FLAG-immunoaffinity purification. A DAVID analysis was then conducted to identify enriched biological processes among interactome components ([Table S2](#mmc3){ref-type="supplementary-material"}). Aside from expected enrichment in categories related to the ubiquitin-proteasome system such as protein K11-linked ubiquitination (GO:00709791, p = 7.57 x 10^−6^), the interactome was highly enriched in categories related to protein synthesis ([Figure 1](#fig1){ref-type="fig"}F, [Table S2](#mmc1){ref-type="supplementary-material"}). Of interest, 36.7% of the Cdh1 interactome was categorized into translation (GO:0006412, p = 4.09 x 10^−73^). Other translation-related biological processes that were enriched in the Cdh1 interactome include formation of translation preinitiation complex (GO:0001731, p = 8.07 x 10^−13^), regulation of translational initiation (GO:0006446, p = 2.22 x 10^−12^), positive regulation of translation (GO:0045727, p = 2.16 x 10^−4^), negative regulation of translation (GO:0017148, p = 1.39 x 10^−7^), and ribosomal subunit assembly (GO:0000027, p = 7.76 x 10^−12^; GO:0000028, p = 2.05 x 10^−11^). The significant enrichment of proteins involved in translational processes supports a role of Cdh1-APC in translation regulation outside of its canonical roles in ubiquitination and cell cycle.

Cdh1-APC Interacts with Stress Granule Proteins {#sec2.3}
-----------------------------------------------

Interestingly, mass spectrometry identified that Cdh1 interacts with one of the FMRP autosomal homologs, FXR1. FMRP and FXR1 have been shown to interact and form cytoplasmic RNA granules that have the ability to repress the translation of mRNA ([@bib14], [@bib35]). These RNA granules are referred to as fragile X granules (FXG) and are found in neurons ([@bib5]) and have similar properties to stress granules. Based on observed interactions of Cdh1 with FMRP ([Figure 1](#fig1){ref-type="fig"}H) ([@bib22]) and FXR1 ([Figures 1](#fig1){ref-type="fig"}G and 1H), we aimed to elucidate if there is a broader connection between Cdh1 and stress granules. The association of FMRP with stress granules has been shown previously ([@bib12], [@bib33]). We compared our Cdh1-interactome with previously published lists of stress granule proteins ([@bib23], [@bib33]) and found that the Cdh1-interactome was highly enriched for stress granule proteins (28% of the Cdh1 interactome) ([Table S1](#mmc2){ref-type="supplementary-material"}). We confirmed that the established stress granule proteins HNRNPU, Caprin1, G3BP1, ELAVL1, and RPS3 interact with Cdh1 using immunoprecipitation and immunoblotting ([Figure 1](#fig1){ref-type="fig"}G). By a similar strategy, the interactions of stress granule proteins G3BP1, HNRNPU, Caprin 1, and FMRP with endogenous Cdh1 were confirmed in mouse embryonic brain tissues ([Figure 1](#fig1){ref-type="fig"}H). As it has been well described that stress granules can stall the translation of mRNA ([@bib42]), we hypothesized that Cdh1-APC can regulate protein synthesis through the control of stress granule dynamics.

Stress Granule Formation Reduces Protein Synthesis {#sec2.4}
--------------------------------------------------

As a model system to investigate the interplay between protein synthesis and RNA granules, the sodium arsenite paradigm (NaAsO~2~) was used to stimulate stress granule formation ([@bib32]). As our hypothesis that Cdh1-APC regulates protein synthesis through stress granule formation is dependent on the ability of stress granules to repress protein synthesis, we first needed to confirm that stress granule formation following NaAsO~2~ treatment leads to a decrease in protein synthesis. N2A cells ([Figures 2](#fig2){ref-type="fig"}A and [S4](#mmc1){ref-type="supplementary-material"}) and DIV 14 cortical neurons ([Figures 2](#fig2){ref-type="fig"}C and [S4](#mmc1){ref-type="supplementary-material"}) were treated with NaAsO~2~ (0.5mM) or water as a control for 45 min and concurrently underwent puromycin labeling. Upon immunoblotting for puromycin, there was a substantial decrease in protein synthesis with NaAsO~2~ treatment ([Figures 2](#fig2){ref-type="fig"}B and 2D). The decrease in protein synthesis concomitant with stress granule formation suggests that stress granule dynamics may be a potential convergent mechanism by which Cdh1-APC may regulate protein synthesis.Figure 2Stress Granule Formation Inhibits Protein Synthesis and Is Regulated by Cdh1-APC(A) N2A cells underwent puromycin labeling following 45 min of treatment with sodium arsenite or water. Lysates were immunoblotted for puromycin and GAPDH.(B) Quantification of puromycin normalized to GAPDH from (A); n = 3.(C) DIV 14 cortical neurons underwent puromycin labeling following 75 min of treatment with sodium arsenite or water. Lysates were immunoblotted for puromycin and GAPDH.(D) Quantification of puromycin normalized to GAPDH from (C); n = 3.(E and F) DIV 14 cortical neurons were treated with vehicle (DMSO) or Apcin for 16--18 h. Neurons were then treated with sodium arsenite (NaAsO~2~) (0.5mM) or water for 45 min prior to fixation. Immunofluorescence was done with antibodies against G3BP1. Scale bar indicates 10μM.(G) User-blind scoring of neurons that were stress-granule-positive or stress-granule-negative following arsenite treatment; n = 73 neurons for vehicle, 78 neurons for Apcin.(H) Quantification of number of stress granules in the soma per 100 μm^2^; n = 4.Data are represented as mean ± SEM. Statistical significance was calculated by Student\'s t test (B, D, and H) and Z test (G).

Cdh1-APC Regulates Stress Granule Formation {#sec2.5}
-------------------------------------------

Following observations that inhibition of Cdh1-APC leads to a decrease in protein synthesis, we hypothesized that this translational repressive state may be due to favored formation of RNA granules. DIV 15 mouse cortical neurons were treated with NaAsO~2~ (0.5mM, 45 min) and immunostained for G3BP1, an interactor of Cdh1 that we identified in the Cdh1 interactome and known stress granule protein ([@bib23], [@bib33]). Control and Apcin-treated neurons form stress granules upon sodium arsenite treatment ([Figures 2](#fig2){ref-type="fig"}E and 2F). When comparing stress granules in both sets of neurons, the percentage of stress granule positive neurons was significantly greater in the Apcin-treated neurons compared with the control neurons ([Figure 2](#fig2){ref-type="fig"}G). Although only 26% of control neurons formed stress granules, 56% of Apcin-treated neurons were stress-granule-positive after arsenite treatment. In addition, there were significantly more stress granules in the soma of Apcin-treated cells compared with vehicle-treated cells ([Figure 2](#fig2){ref-type="fig"}H). These results link inhibition of Cdh1-APC activity to increased stress granule formation.

To confirm our findings that Cdh1-APC regulates stress granule formation, Cdh1-APC was also inhibited pharmacologically with proTAME ([Figure S2](#mmc1){ref-type="supplementary-material"}) or with shRNA knockdown ([Figures 3](#fig3){ref-type="fig"}A--3D). Both alternative approaches of inhibiting Cdh1-APC lead to a significant increase in the percentage of cells forming stress granules ([Figures 3](#fig3){ref-type="fig"}C and [S2](#mmc1){ref-type="supplementary-material"}B) and an increase in the number of stress granules in the soma ([Figures 3](#fig3){ref-type="fig"}D and [S2](#mmc1){ref-type="supplementary-material"}C). These data demonstrate that Cdh1-APC has a previously unexplored role in the regulation of stress granules through its ability to antagonize the formation of stress granules.Figure 3Knockdown of Cdh1-APC Promotes Stress Granule Formation(A and B) DIV 7 neurons were transduced with lentivirus expressing RFP-tagged non-targeting construct (A) or RFP-tagged shRNA against Cdh1 (B). At DIV 14, neurons were then treated with sodium arsenite and immunostained as described above. Scale bar indicates 10μm.(C) User-blind scoring of neurons that were stress-granule-positive or stress-granule-negative following arsenite treatment; n = 80 neurons for both groups.(D) Quantification of number of stress granules in the soma per 100 μm^2^; n = 4.(E) Neuro2A cells were transfected with mCherry or mCherry-Cdh1. Cells were treated with sodium arsenite for 45 min to induce stress granules and then fixed in 4% paraformaldehyde and then immunostained for G3BP. Arrows indicate stress granule accumulation. Scale bar represents 10μm.Data are represented as mean ± SEM. Statistical significance was calculated by Z test (C) and Student\'s t test (D).

Cdh1-APC Regulates Stress Granules in an FMRP-Dependent Mechanism {#sec2.6}
-----------------------------------------------------------------

Although Cdh1-APC activity impacts stress granule formation, we did not observe that Cdh1 co-localizes with stress granules ([Figure 3](#fig3){ref-type="fig"}E); Cdh1 has also not been identified as a stress granule protein ([@bib23], [@bib33]). This suggests that although Cdh1-APC interacts with stress granule proteins perhaps in a transient and dynamic manner, it is not an integral component of stress granule. Thus, Cdh1-APC may be affecting stress granule formation through its interaction with and modification of stress granule proteins. With previous literature identifying that FMRP is a ubiquitination target of Cdh1-APC ([@bib22]) and is involved in stress granule formation ([@bib12]), we hypothesized that the regulation of stress granules by Cdh1-APC is FMRP dependent.

To explore how interaction with FMRP may affect Cdh1-mediated regulation of stress granule formation, cortical neurons from *Fmr1-*KO mice, a model of Fragile X syndrome, and wild-type littermates underwent treatment with Apcin and sodium arsenite to induce stress granule formation ([Figures 4](#fig4){ref-type="fig"}A, 4B, 4D, and 4E). Similar to previous experiments, Apcin treatment increased the formation of stress granules in wild-type cortical neurons ([Figures 4](#fig4){ref-type="fig"}C and 4G). However, Apcin treatment did not elicit any changes in the formation of stress granules in *Fmr1*-KO neurons ([Figures 4](#fig4){ref-type="fig"}F and 4G). Thus, Apcin-induced changes in stress granule formation require FMRP. Inability to increase the formation of stress granules in *Fmr1*-KO neurons supports our hypothesis that FMRP is necessary for Cdh1-APC to regulate stress granule formation. Further work is needed to more fully understand how the full scope of molecular interactions between FMRP and other Cdh1-associated factors identified in this study regulate stress granules by ubiquitination.Figure 4Cdh1-APC Regulates Stress Granule Dynamics via an FMRP-Dependent Mechanism(A and B) Postnatal wild-type DIV 14--16 cortical neurons were treated with vehicle (DMSO) (A) or Apcin (B) for 16--18 hr. Neurons were then treated with sodium arsenite and immunostained with antibody to G3BP1. Scale bar indicates 10μm.(C) Quantification of stress granule negative or positive cells; n = 74 cells for Vehicle-treated and 73 cells for Apcin-treated.(D and E) Postnatal *Fmr1*-knockout (KO) DIV 14--16 cortical neurons were treated with vehicle (DMSO) (D) or Apcin (E) for 16--18 h and treated with sodium arsenite and fixed as described above.(F) Quantification of stress-granule-negative or -positive cells; n = 78 cells for Vehicle-treated and 77 cells for Apcin-treated.(G) Quantification of number of stress granules in the soma per 100 μm^2^ for all four conditions; n = 4.Data are represented as mean ± SEM. Statistical significance was calculated by Z test (C and F) and two-way ANOVA (G).

Taken together, these findings demonstrate a convergent role of Cdh1-APC to regulate stress granule formation and protein synthesis in neurons. Furthermore, we link the function of Cdh1-APC as a translational regulator to its interaction with FMRP, a protein linked to synapse development and function.

Discussion {#sec3}
==========

Regulation of Stress Granules by Cdh1-APC {#sec3.1}
-----------------------------------------

Here we demonstrate a role of Cdh1-APC in stress granule assembly. The role of specific E3 ligases to regulate stress granules has not been shown. Stress granules are membraneless organelles that recruit and repress translation of mRNAs in response to various stressors that include arsenite, heat shock, and oxidative stress ([@bib3], [@bib42]). Altered stress granule formation and dynamics have gained considerable attention in some neurological diseases, such as mutations of RNA-binding proteins that cause amyotrophic lateral sclerosis ([@bib30], [@bib36]). A better understanding of the role of Cdh1-APC role in stress granule formation may provide insights into how to ameliorate altered stress granule dynamics in neurological disorders.

Recent studies have provided conflicting reports on the role of ubiquitination in stress granule dynamics. In two studies, manipulation of the ubiquitin proteasome system (UPS) did affect stress granule formation ([@bib34], [@bib52]). However, in a recent study, pharmacologic inhibition of the E1 ubiquitin-activating enzyme did not affect stress granule assembly or disassembly, suggesting that active conjugation of ubiquitin does not regulate stress granule formation ([@bib32]). These prior studies used methods that would broadly impact UPS. Our data show that Cdh1-APC, a well-known E3 ubiquitin ligase, indeed regulates stress granule formation. Another possible reason for the differences in our observation of UPS function in stress granule formation is cell-type specificity. Although our study used neurons, previous work utilized HeLa and 293T HEK cells, which are both non-neuronal cell lines. It is possible that our observed phenotypes of stress granule and protein synthesis regulation by Cdh1-APC may only occur in neural-lineage cell types. Furthermore, a previous study demonstrated that there are cell-specific changes in the stress granule interactome, with neurons having the most diverse stress granule interactome ([@bib33]). Interestingly, the neuron stress granule interactome is enriched with quality control factors ([@bib33]). As the UPS is involved in cell quality control, this previous evidence supports our findings that an E3 ubiquitin ligase regulates neuronal stress granule dynamics. Thus, our data taken together with previous work suggest that Cdh1-APC and the UPS may play a cell-type-specific role that contributes to additional spatiotemporal control of protein homeostasis that is critical in neural cells.

Stress granule proteins interact in a pre-existing network in unstressed conditions, and the stress stimulus causes the formation of the stress granules ([@bib33]). The dynamic ability of the stress granule protein network to quickly respond to stress suggests modifying events that include posttranslational modifications. It is likely that there are antagonistic modifications that regulate the dynamics between assembly and disassembly. Our data suggest that ubiquitination is a molecular switch to antagonize stress granule formation. Thus, our working model is that Cdh1-APC modifies (presumably by ubiquitinating) stress granule proteins, making them less efficiently incorporated into stress granules and supporting protein synthesis.

The present study utilizes stress granules induced by sodium arsenite treatment as a model mRNP granule. As there are many other forms of mRNP granules such as processing bodies (PBs) and RNA transport granules, our work may have implications for these other diverse RNA granules. The Cdh1 interactome includes proteins that are involved in RNA transport granules in addition to stress granules, such as FMRP ([@bib2], [@bib11]) and Caprin ([@bib37], [@bib45]). With an underlying shared biology among RNA granules, Cdh1-APC may also regulate assembly or disassembly of mRNA transport granules, FX granules, or PBs and their translational control at synapses. Thus, a next step in the research on Cdh1-APC should be to elucidate if Cdh1-APC regulates PBs and/or mRNA transport granules in addition to stress granules as observed in this study.

Cdh1-APC Modification of FMRP {#sec3.2}
-----------------------------

Although Cdh1 has been observed to have APC-independent functions ([@bib51]), our observations with Apcin, a well-described APC inhibitor ([@bib43]), support a model in which APC catalytic activity is necessary for Cdh1-mediated changes in stress granule formation and protein synthesis. Although it is unknown if Cdh1-APC directly ubiquitinates the interacting stress granule proteins identified in this study, it has been demonstrated that Cdh1-APC ubiquitinates FMRP, a known component that regulates stress granules. Preventing Cdh1-APC interaction with FMRP may increase translational repression through the formation of stress granules. It is also likely that Cdh1-APC is able to modify other stress granule proteins to regulate this process. Treatment with sodium arsenite does not change expression levels of FMRP or Cdh1 ([Figure S3](#mmc1){ref-type="supplementary-material"}), which further supports the hypothesis that modifications and dynamics between these two proteins are responsible for changes downstream of sodium arsenite treatment.

It is still unclear how ubiquitination of FMRP by Cdh1-APC impacts its ability to form stress granules. One possibility is that ubiquitination of FMRP leads to its degradation by the proteasome, and its absence prevents the formation of stress granules. A previous study demonstrated that loss of FMRP disrupts stress granule formation, potentially due to its aggregation properties ([@bib12]). Thus, it is most likely that the degradation of FMRP following ubiquitination by Cdh1-APC mediates the changes in stress granule dynamics. However, another possibility is that the ubiquitination of FMRP elicits downstream signaling that causes a dynamic change in the stress granule proteome that is independent of FMRP degradation. Further investigation of how FMRP shuttling between diverse granules and polyribosomes is altered following ubiquitination will be necessary to better understand how Cdh1-APC can carry out changes in protein synthesis. Elucidation of this mechanism can be utilized to identify points of pathophysiology in forms of neurodevelopmental disorders that are characterized by dysregulated protein synthesis and/or disrupted ubiquitination pathways.

Potential Dual Roles of Cdh1-APC {#sec3.3}
--------------------------------

Although Cdh1-APC has been long considered to contribute to degradation of proteins via its role as an E3-ubiquitin ligase, its role in regulating protein synthesis has been overlooked prior to this study. From this work, it could be proposed that Cdh1-APC has dual roles in the neural cell: to ubiquitinate proteins in order to enhance the degradation processes and to promote protein synthesis through the antagonism of stress granules. However, it is possible that these two roles of Cdh1-APC are synergistic to ultimately increase protein synthesis in the cell. For example, the ability for Cdh1-APC to antagonize the formation of stress granules may be completely dependent on its ability to ubiquitinate stress granule proteins, such as FMRP. To distinguish whether Cdh1-APC has two distinct roles in protein degradation and synthesis or if Cdh1-APC-mediated ubiquitination is necessary to elicit changes in protein synthesis, there needs to be further characterization of signals that enhance or inhibit Cdh1-APC activity in neurons. For example, as it is established that mGluR signaling enhances downstream ubiquitination of proteins by Cdh1-APC ([@bib22]), it will be of interest to determine whether mGluR signaling contributes to Cdh1-APC-mediated changes in stress granule formation. Better understanding of the upstream regulation of Cdh1-APC will help to better understand the extent by which Cdh1-APC can affect protein degradation and synthesis and whether or not these are synergistic or distinct processes.

Limitations of the Study {#sec3.4}
------------------------

Although our study highlights that Cdh1-APC interacts with stress granule proteins, it is unclear whether or not Cdh1-APC ubiquitinates these proteins. A future focus will be to better understand the consequences of Cdh1-APC interactions with stress granule proteins, translational initiation factors, and ribosomal subunits that we identified through mass spectrometry. Cdh1-APC has been characterized to lead to the degradation of its ubiquitination targets following polyubiquitination on the K11 residue of ubiquitin ([@bib4]). Therefore, Cdh1-APC may be targeting these translational regulatory proteins for degradation via K11-linked polyubiquitination. However, ubiquitination can lead to fates other than degradation. For example, K63-linked polyubiquitination can cause DNA repair ([@bib31]), endocytosis ([@bib28]), or NF-kB activation ([@bib10]). It is possible that ubiquitination by Cdh1-APC of stress granule proteins, ribosomes, and initiation factors can lead to noncanonical pathways aside from degradation. A vital future direction of this work is to determine the fate of Cdh1-APC ubiquitination targets.

Conclusions {#sec3.5}
-----------

We have uncovered that Cdh1-APC is a regulator of protein synthesis in mature cortical neurons. Inhibition of Cdh1-APC activity leads to a decrease in protein synthesis in postmitotic cortical neurons, demonstrating a role for Cdh1-APC independent of its characterized roles in mitotic cells. Proteomic profiling revealed that the Cdh1 interactome is highly enriched in translational regulatory proteins and stress granule proteins. Stress granule formation leads to decreases in protein synthesis, and we observe that Cdh1-APC activity regulates stress granule assembly in cortical neurons; these effects are meditated by interaction of Cdh1-APC with FMRP. In *Fmr1-KO* neurons, stress granule formation is impaired, and neurons are insensitive to perturbation of Cdh1. This suggests a potential key role of FMRP interactions with Cdh1-APC in not only the ubiquitination of FMRP itself ([@bib22]) but also many of the associated translational factors, ribosomal proteins, and RNA binding proteins identified in the Cdh1 interactome. Thus, we propose a model in which Cdh1-APC activity antagonizes the formation of stress granules via interaction with FMRP, which allows for increases in protein synthesis. Although FMRP is a necessary key player, further work is needed to broadly understand the mechanistic role of the FMRP destruction box motif ([@bib22]) to recruit Cdh1 and potentially other Cdh1-interactors to regulate stress granules via a shared ubiquitination signaling pathway.

Our data indicate a dual role of Cdh1-APC in protein homeostasis---it is able to reduce the level of proteins through its role in tagging substrates for degradation by the proteasome and also can lead to an increase in protein synthesis through its antagonism of stress granule formation. Elucidation of the role of Cdh1-APC in protein synthesis and regulation of translational proteins, such as FMRP, in postmitotic neurons will broaden the understanding of protein homeostasis at the synapse that is vital for protein-synthesis-dependent synaptic plasticity underlying learning and memory.

These findings are expected to uncover new and broader relationships between Cdh1-APC and diverse types of RNA granules relevant to protein-synthesis-dependent regulation of synapse function. For example, Cdh1-APC regulates changes in protein synthesis necessary for molecular forms of learning, such as mGluR-LTD previously demonstrated to be downstream of Cdh1-APC signaling ([@bib22]). Our findings of an interplay between protein synthesis and stress granules have implications to understand how RNA granule hypo-assembly may contribute to neurodevelopmental disorders including those linked to alterations in E3 ligase expression and function, such as Angelman syndrome. It is unlikely that alterations in Cdh1-APC function can be directly targeted for FXS treatment but perhaps other strategies that can restore RNA granule formation.

Resource Availability {#sec3.6}
---------------------

### Lead Contact {#sec3.6.1}

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dr. Gary J. Bassell (<gary.bassell@emory.edu>).

### Materials Availability {#sec3.6.2}

The mCherry-myc and mCherry-Cdh1-myc plasmids generated in this study will be made available on request, but we may require a payment and/or a completed Materials and Transfer Agreement if there is a potential for commercial application.

### Data and Code Availability {#sec3.6.3}

The mass spectrometry proteomics data generated in thus study have been deposited to the ProteomeXChange Consortium ([@bib50]) via the PRIDE partner repository ([@bib39]) under accession number: PXD018875.

Methods {#sec4}
=======

All methods can be found in the accompanying [Transparent Methods supplemental file](#mmc1){ref-type="supplementary-material"}.

Supplemental Information {#appsec2}
========================

Document S1. Transparent Methods and Figures S1--S4Table S1. Cdh1 Interactome, Related to Figure 1Table of proteins identified in the Cdh1 interactome following immunoaffinity chromatography and mass spectrometry analysis of FLAG-Cdh1-transfected cells. Proteins are listed from highest enrichment in the samples to lowest enrichment. N indicates nontransfected cells and C indicates FLAG-Cdh1 transfected cells. + indicates lysates co-incubated with FLAG peptide to control for nonspecific binding. Proteins that are known stress granule proteins based on [@bib23] and [@bib33] are indicated.Table S2. DAVID Gene Ontology Analysis, Related to Figure 1Proteins with at least a four-fold difference in Cdh1-transfected cells compared with control cells were entered into the DAVID Functional Annotation Bioinformatics Microarray Analysis tool (<https://david.ncifcrf.gov>) to classify proteins based on biological processes.
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